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Abstract 
 
The choice of necessary stent properties depends mainly on the length of the stenosis 
and degree of occlusion. So a stent design with variable radial stiffness along its 
longitudinal axis would be a good option. The design proposed corresponds to a tube-
based stent with closed diamond-shaped cells made from a NiTi alloy. By acting 
independently on different geometric factors, variable geometries can be obtained with 
different radial force reactions. A design adjustment according to specific requirements, 
in order to get a better fit to ill-duct and reduces complications, is possible. 
 
A parametric analysis using finite element has been conducted to determine the 
influence of slot length, number of circumferential slots, tube thickness and shape-factor 
on stent mechanical behavior, which allow eliminating the need for extensive 
experimental work and knowing and quantifying the influence of those factors. 
 
The results of finite element simulations have been used, by means of least-squares fit 
techniques, to obtain analytical expressions for the main mechanical characteristics of 
the stent (Chronic Expansive Radial Force and Radial Compression Resistance) in terms 
of the different geometrical factors. This allows the stent geometry to be customized 
without launching an iterative and costly process of modeling and simulation for each 
case.  
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1. Introduction  
 
Large bowel cancer is the most common in the digestive system. Colorectal cancer is 
the third most common cancer in men and the second most common in women. It is the 
third malignant tumor in incidence and forth in mortality in the world, after lung cancer 
[1] (Fig. 1). Due to its endoluminal growth to 29% of patients with this tumor developed 
intestinal obstruction [2]. 
 
Colonic occlusion presents the first reason for emergency colorectal surgery [3]. 
Traditional treatment of colonic obstruction is surgery. However, possibilities of 
surgery are limited, especially when it comes to elderly patients with associated serious 
diseases, causing high morbidity and prolonged hospitalization and a mortality rate of 
between 5 and 11% [4]. Moreover, in many cases it is not possible to restore intestinal 
continuity, so the patient is left with a permanent colostomy, with the consequent 
deterioration in their quality of life [5].  
 
Sixty percent of patients with colorectal cancer present with a tumor in the left colon, 
and up to 25% have complete or partial occlusions at the time of diagnosis  [6]. As it is 
well known metallic self-expanding stents are an option widely used to treat acute 
obstruction of colon, either for palliation or bridging or transition to surgical 
intervention, thus avoiding emergency surgery rates of morbidity and mortality, greater 
than 30% [6]. The stent allows decompression, the complete preparation of the colon 
and resection surgery in one step [7]. 
 
Although the placement of colonic stents is much less invasive, morbidity can be high 
due to the complications associated with this procedure. To prevent or minimize the 
complications (perforation, wrong positioning, migration and re-obstruction), it is 
necessary to make a correct choice of stent to use [8]. Since the technical success of a 
stent for a particular obstructive lesion depends mainly on its mechanical behavior, 
mechanical modeling is required to design the stent structure through a predictive model 
as does Kim et al [9] for braiding stents and Tzamtzis et al [10] for an aortic valve. This 
will allow custom design stents for each type of obstruction and patient. 
 
Colon stents were introduced in the early 90s. In 1990 Dohmoto et al [11] present the 
treatment of a malignant rectal obstruction placing an expandable metal stent and in 
1994, Tejero et al [12] reports two cases of acute malignant obstruction treated 
successfully with the placement of a stent prior to elective surgery. In 1996 is presented 
the first prototype of self-expanding colonic stent made of nitinol [13]. Since then, the 
field of colorectal stent placement has evolved substantially with the introduction of 
new stent models and more versatile deployment systems. Self-expandable metallic 
stents (SEMSs) are widely used to treat malignant colonic obstruction [14]. 
 
Stents design principally has two different manufacture strategies: braided or knitted 
wire-based stents, and tube-based stent designs [15] to which a laser cuts are practiced 
and shaped until its final-repose configuration. They can also be classified according to 
whether covered or uncovered. Although the tendency is to design them covered to 
prevent tumor growth and thus reduce the risk of restenosis, in practice they have not 
shown clear advantages over other [16]. Tumor ingrowth occurred more frequently in 
the uncovered group, while late migration is more common in the covered stents. In 
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[17] reported an increase of late migration (40%, P=0.005) and greater loss of stent 
function (60%, P=0.0018) with covered stents. 
 
Different designs of colorectal stents are available for clinical use. The characteristics of 
some of the most extended and used like Ultraflex®, Wallstent® and colonic Wallflex® 
are included in Table 1. However, to the authors’ knowledge, in literature no 
quantitative data may be found to characterize the behavior of the different types of 
colonic stents. A small number of studies have investigated the influence of design 
parameters for helical coils [18] and braided stents [9, 19] on the mechanical behavior. 
Experimental bench testing to understand the properties of self-expandable metallic 
stents for different biliary and airway endoprosthesis have been reported [20, 21]. Finite 
element analysis is commonly used in contrasting the main mechanical parameters 
(radial and axial strength, flexibility, etc.) of different stents [22-26].  
 
This study employs a finite element (FE) approach in order to get a simulated bench 
testing data (Radial Compression Resistance and Chronic Radial Expansion Force) to 
develop a methodology for the design of customized self-expandable NiTi colonic 
stents adapted to each patient-specific case, taking like base a laser cutting tube stent 
design, by controlling geometry parameters. Finite element simulations are used to 
analyze the behavior of a predefined set of geometric configuration in order to establish 
an extrapolation technique that allows designing new stents adapted to the requirements 
of individual specific patients. 
 
Table 1  
Main available commercial colorectal stents [27]. 
Stent name Material Length(mm) 
Diameter 
flare (mm) 
Diameter 
body (mm) Manufacturer 
Ultraflex precision colonic stent® Nitinol 57, 87, 117 30 25 Boston Scientific 
Wallflex Colonic TTS® Nitinol 60,90,120 25 22 or 25 Boston Scientific 
Wallstent Enteral TTS® Elgiloy 60,90 NA 20 or 22 Boston Scientific 
Colonic Z stent® Stainless 
steel 
40, 60, 80, 100, 120 35 25 Wilson-Cook 
Niti-s Colorectal stent® Nitinol 60,80,100 
Covered, uncovered 
28-30 20, 22, 24 Taewoon-Medical 
Co., Ltd. 
TTS Niti-s Colorectal stent® Nitinol 60,80,100 28 20 Taewoon-Medical 
Co., Ltd. 
Hanarostent colorectal® Nitinol Covered: 60, 90, 
110, 130 
NA 18, 22 MI Tech Co. Ltd. 
  Uncovered: 80, 110, 
140 
NA 18, 22  
NA=not available. 
 
2. Material and Methods 
 
2.1. Stent model 
 
The geometric typology used in this study is a tube-based stent with closed diamond-
shaped cells (Palmaz-Schatz type), which correspond to basic geometry module used by 
the authors to design and manufacturing a prototype of colonic stent [28, 29]. In 
previous comparative analysis of stents for treatment of colorectal obstruction [29] and 
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by means of experimental animal testing [30], it was shown that stents based on closed 
cells with arms joined by rigid nodes develop higher radial force response, necessary for 
reopening occlusive colonic strictures where greater strength is required.  
 
The geometrical pattern adopted allows manufacturing the initial shape preformed by 
cutting laser technique, creating a longitudinal nonhomogeneous distribution of grooves 
on the tube surface, with a given width and length. In next step the slotted tube is 
expanded until it reaches the stent configuration [28]. The chosen design allows a 
precision manufacturing process for obtaining controlled custom designs for each 
pathology and patient in an efficient and economically viable manner. The repose shape 
obtained after subsequent shaping process, thermo-mechanical treatment (numerically: 
stress field to zero) and electropolished [28] (Fig. 2), gives a bell-shaped profile similar 
to commercial device Medtronic-CoreValve used on treatment of aortic valves. 
 
The stent is composed of a set of rings closed cells with a diamond shape, joined 
together by rigid joints. By setting for each stent a constant number of circumferential 
cells, is possible obtain areas with different stiffness varying the pattern cut along the 
longitudinal axis, and adjusting the expansion ratio factor imposed on each ring of cells 
until it gets to the desired shape.  
 
Acting over these two design parameters, a shape-profile with longitudinally variable 
radial strength to facilitate optimal adaptation to the duct walls and prevent migration 
risk can be set [30]. The pressure exercised against duct walls by each annular cell may 
be adjusted independently of the profile adopted to avoid migration. So it is possible to 
obtain a stent with a shape adapted to each type of stenotic duct and variable radial 
stiffness according to the needs of each patient and pathology. 
 
2.1.1. Parametrized geometry 
 
Adjustment parameters for calibrating the stent design to the particular needs of each 
patient are the following (Fig. 3): diameter and thickness of the initial tube, number of 
circumferential grooves, width and length groove and size of the solid regions between 
slots. These parameters determine the initial preformed shape from which after 
expansion by mandrels and heat treatment fix the final stent geometry. In the shaping 
phase, the control parameter is the groove angle obtained imposing permanent 
deformation to each ring, hereinafter referred as shape factor (Fig. 3c). 
 
Parameters that are kept constant, based on previous studies [30], are: 
 
- Outer tube diameter (4.5 mm): nominal raw tube diameter before shaping process.  
 
- Slot width (0.1 mm): laser-cut width produced on the original tube.  
 
- Hinge solid regions: regions between adjacent lattice cells. In the proposed design 
they are kept constant in all cases, with a value of 0.5 mm.  
 
- Bevel ratio edge of slot: models contemplated rounding corners grooves made by laser 
cutting; in the proposed design, the fillet radius is set to 30% of the groove width (0.03 
mm). 
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Variable parameters defining the specific geometry of each stent and cell are: 
 
- Slot length (ls, 8-18mm): length of the laser cut made in longitudinal direction on the 
original tube. 
 
- Number of circumferential slots (ncs, 24-48): number of cells composing each ring. 
 
- Thickness (t, 0.4-0.1mm): wall thickness of the tube used, which corresponds with the 
height of the arm section of each cell. 
 
- Shape factor (α˚): indicates the degree of opening of each circumferential groove with 
respect to the horizontal (Fig. 3). For a same shape factor and different circumferential 
length or number of slots, it involves variation in the expansion ratio.  
 
Table 2 
Geometric parameters common to all tested configurations  
Parameter Value 
Outer tube diameter (Do) 4.5 mm 
Hinge solid region (wh) 0.5 mm 
Slot  width (ws) 0.1 mm 
Bevel ratio edge of slot (% of ws) 30% 
 
Table 3 
Configurations used in finite element analysis. Variable factors to adjust mechanical response: ls is slot 
length, ncs the number of circumferential slots and t  the wall thickness of the tube. Length of lattice unit 
cell is ls + wh and each model ring has ncs / 2 unit cells. 
Model ls [mm] ncs t [mm] 
Stent 1-8 8 36 0.4 
Stent 1-10 10 36 0.4 
Stent 1-12 * 12 36 0.4 
Stent 1-16 16 36 0.4 
Stent 1-18 18 36 0.4 
Stent 2-24 12 24 0.4 
Stent 2-28 12 28 0.4 
Stent 2-32 12 32 0.4 
Stent 2-36 * 12 36 0.4 
Stent 2-48 12 48 0.4 
Stent 3-0.4 * 12 36 0.4 
Stent 3-0.3 12 36 0.3 
Stent 3-0.1 12 36 0.1 
* reference geometry configuration (Stent 1-12= Stent 2-36= Stent 3-0.4) 
 
 
In order to determine the influence of the four parameters (ls, ncs, t, α˚) used to adjust 
the working diameter and the mechanical response exerted on the wall duct a virtual 
testing battery is done. The values of constant factors common to all models simulated 
are included in Table 2. The values of variable factors are included in Table 3. In the 
case of ls and ncs, ranges have been set to values which allow generate a structure of 
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rhomboidal mesh with a permeability to avoid as far as possible the direct intrusion of 
tissue from the wall of the colon, and to facilitate the development of an expansion force 
distributed around the whole perimeter avoiding the appearance of critical points where 
exerted forces would be applied in small areas of duct tissue. The adopted range of 
values are based in previous studies carried out by the authors [29, 30], both by FE 
simulations and experimental testing. The range for t (thickness) is determined by the 
common values that provide the leading manufacturers of NiTi tubes. 
 
2.1.2. Finite Element models development 
 
A specific tool was developed to modify geometrical parameters and get a controlled 
mapped mesh, element shape and size, discretizing all the entities in each customized 
model. A parametric model of the stent was developed writing scrip files in Python 
language inside the pyFormex open source code [31].  The nodes and elements of the 
tube are extracted in a text file which can be used in external FEA programs (Abaqus 
6.11 in the present work). All models were meshed using BRICK (C3D8) and WEDGE 
(C3D6) elements, with linear interpolation (Fig. 4). Both the cylindrical surfaces used to 
conform the stent, as the used for expansion-compression simulations are meshed with 
four-node surface elements (SFM3D4) that allow applying radial displacement, in such 
a way that nodes behave like a rigid surface with continuum evolution of its shape (Fig. 
4).  
 
A sensitivity analysis was performed to determine the minimal size mesh required for 
an accurate simulation. For this purpose, a mesh refinement was performed in order to 
achieve a convergence towards a minimum of the potential energy, with a tolerance of 
1% between consecutive meshes. Moreover, the same criterion was applied to stresses 
and strains. 
 
2.1.3. Material behavior modelling  
 
Nitinol is a superelastic alloy which is capable of reaching strain up to 8% without 
yielding, allowing a complete elastic recovering. That property makes it possible to 
design stents which present a soft Chronic Expansive Force (CEF), allowing a gradual 
relaxation of the constriction, and a high Radial Compression Resistance (RCR), which 
prevents the stent collapse due to external actions. In order to simulate the material 
behavior, a phenomenological constitutive model was used, based on the formulation 
developed by Auricchio and Taylor [32, 33]. To this respect the material was modeled 
in Abaqus 6.11 as an embedded user material subroutine (UMAT). 
 
The alloy used for manufacturing the stent corresponds to a NiTi alloy (50.8 at% Ni, 
49.2 at% Ti) supplied by Memory Metalle GmbH (Germany).  A battery of six uniaxial 
tensile tests were performed by means of a universal machine test Instron 5565, using 
standard specimens obtained from sheets 1 mm thick. Every test was done considering 
complete loading and unloading with displacement control. The tests were performed at 
a reference temperature T0= 22ºC. Fig. 5 shows the average curve of the tensile tested 
samples versus strain-stress curves resulting from uniaxial virtual test simulated and 
adjusted using the material subroutine implemented in Abaqus 6.11 code for T0= 22ºC 
and Tw=37 ºC, respectively. Thermo-mechanical parameters, necessary to obtain the 
material behavior at body temperature Tw=37 ºC, were retrieved from literature [34]. 
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Table 4 includes NiTi material mechanical properties fit to average values obtained 
from experimental testing. 
 
Table 4 
NiTi material parameters defining constitutive stress-strain curve of the alloy used in the present study.  
The loading and unloading rate of change of plateau with the temperature CAM and CMA were obtained 
from literature [34]. 
Parameter Description Value 
EA Austenite elasticity module 52650 MPa νA Austenite Poisson’s ratio 0.33 
EM Martensite elasticity module 38250 MPa 
νM Martensite Poisson’s ratio 0.33 
εL Maximum Transformation strain 6% σsAM Start of transformation Austenite Martensite stress 385 MPa 
σfAM End of transformation Austenite Martensite stress 460MPa 
σsMA Start of transformation Martensite Austenite stress 200 MPa σfMA End of transformation Martensite Austenite stress 180 MPa 
T0 Reference temperature 22ºC 
CAM 
T
σ AMS


 
6.1 MPa/ºC 
CMA 
T
σ MAS


 
6.1 MPa/ºC 
εL Vol Volumetric transformation strain 0.06 
 
 
2.1.4. Stent geometry generation 
 
A first simulation step is needed in order to get the stent configuration from the slotted 
tube. To this respect the slotted tube is subjected to a proportional radial expansion 
according to the final configuration required. Taking as reference the Stent 1-12* which 
is a ring of cells shaped by the expansion of an initial tube outer diameter 4.5 mm to a 
final outer diameter of 30.4 mm starting from a tubular preform with 36 circumferential 
grooves distributed uniformly with 0.1 mm width and 12 mm length, leaving a solid 
hinge between slots of 0.5 mm, it leads to an expansion ratio of 6.75 times its diameter. 
This is the maximum expansion to assure the integrity of the stent structure in the 
manufacturing process, and correspond to a shape factor of 24.84˚. 
 
So, we adopted this value as the reference shape factor which corresponds to the 
maximum amplitude without reaches critical stress in any point of stent (solid hinges). 
Imposing the shape factor and not the final diameter allows evaluating the influence of 
design parameters for the maximum operating range in each configuration, therefore all 
the tested configurations have been shaped (by expansion) until reaching a shape factor 
close to 24.84˚. Table 5 shows the radial expansion imposed on each testing 
configuration and the shape factor reached.  
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Table 5  
Radial expansion applied to each cutting-tube preform model to obtain a given shape factor (α˚=24.84)  
Model Radial expansion 
enforced (mm) 
Do: Outer diameter stent after 
radial expansion shaping (mm) 
shape factor (α˚) 
Stent 1-8 8.05 20.6 24.85 
Stent 1-10 10.50 25.5 24.85 
Stent 1-12 * 12.95 30.4 24.84 
Stent 1-16 17.85 40.2 24.85 
Stent 1-18 20.35 45.2 24.85 
Stent 2-24 7.45 19.0 24.42 
Stent 2-28 9.20 22.9 25.00 
Stent 2-32 11.05 26.6 24.48 
Stent 2-36* 12.95 30.4 24.84 
Stent 2-48 19.10 42.7 24.55 
Stent 3-0.4* 12.95 30.4 24.84 
Stent 3-0.3 12.90 30.3 24.00 
Stent 3-0.1 12.80 30.1 24.72 
* reference geometry configuration (Stent 1-12= Stent 2-36= Stent 3-0.4) 
 
 
The first step of the shaping (expansion step) was developed by deforming the stent by 
contact between the inner stent surface and a cylindrical rigid surface (Fig. 6a) with a 
variable radius during the simulation until reach the desired shape factor. After the 
expansion step, an annealing step was imposed, putting zero the stress and strain fields, 
simulating the thermal relaxation process and maintaining the final repose form Fig. 6b.  
 
2.1.5. Boundary conditions 
 
To simulate the mechanical behavior a single ring of rhombohedral cells is taken, to 
avoid border effects and reduce the model size. Symmetry conditions are imposed on 
nodes in the medial planes of each external solid hinge which link with adjacent rings. 
This results in a solution for the response of the entire structure at a relatively low 
computational expense. To avoid rigid body motions two nodes in symmetry plane are 
clamped in longitudinal direction (ux=0) (Fig. 7). 
 
 
2.2. Virtual radial compression-expansion test  
 
A second simulation step is needed in order to get the mechanical behavior of the stent. 
To this respect, a radial compression test at 37 ° C using Abaqus/Standard v6.11 was 
performed. This virtual test try to reproduce as accurately as possible experimental tests 
which can be found in the literature [20]. In this case the diaphragm of the testing 
machine shown in Fig. 8a is implemented as a cylinder shaped surface meshed with 
three-dimensional, 4-node surface elements type SFM3D4 available in Abaqus. This 
surface can be deformed by imposing nodal displacements. The global behavior of 
cylinder resembles a rigid surface which contracts and expands according to the 
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boundary conditions imposed. A frictionless surface-surface contact was defined with 
adjustment of stent-nodes to expansion-compression cylindrical surface. 
 
Defining the contact rigid surface-stent, radial displacements are induced as it is done in 
experimental trials. The cylinder is contracted to shrink the stent to the minimum size of 
6 mm (18 Fr) and then is reversed the radial displacement of cylinder until the ring cells 
stent reaches full release. 
 
Assessing nodal reactions on cylindrical surface, the general Chronic Radial (Outward) 
Force (RF) developed by each lattice ring was obtained, both in crimping and realising.  
This virtual trial allows obtaining the mechanical response of each lattice ring. Thus it is 
possible to determine the influence of each design parameter in the global response for 
different lattice rings. An experimental curve against a curve obtained by simulation, for 
a complete contraction (crimping) and expansion (releasing) process, are shown in Fig. 
8.  The curve obtained in the crimping process corresponds to Radial Compression 
Resistance (RCR) and the curve recorded during release process are defined as Chronic 
Radial Expansion Force (CEF).  
 
The simulation cycle is included in Fig. 9. Similar simulated bench testing may be 
found in [22] and [35] applied to balloon expandable coronary stents, and in [23] to 
self-expanding tracheobronchial stents. 
 
 
3. Results  
 
By evaluating the radial reactions resultant on compression-expansion cylindrical 
surface, the characteristic curves are obtained for each of the lattice rings which 
conforms the stent. These curves have been evaluated for every configuration 
considered in the study, according to the different variable parameters (Table 3).  
 
Because the material exhibits different behavior in loading and unloading, the radial 
force exerted by the device presents also a compression path (RCR) and another of 
release (CEF) (Fig. 8b, d). 
 
Although both magnitudes are necessary from a point of view of stent design, in terms 
of clinical application the CEF magnitude defines the force exerted by stent against the 
treat duct driving the walls tissue until reach the desired lumen. So we can define the 
working range of a stent as the diameter range where it is able to keep a CEF within a 
tolerance around a nominal value, which corresponds with the central plate present in all 
curves obtained. Thereby, the mean value of the plate at CEF curve defines the nominal 
force of each stent configuration. The RCR magnitude is also essential in order to 
prevent the collapse of the stent once implanted, when it is subjected to pressures 
generated by peristalsis or any other kind of external compressive load.  
 
The evolution of the RCR curve may be seen in Fig. 8d, which presents an upper plate 
to CEF curve. The mean values of RCR for each simulation case are plotted in top right 
corner in Fig. 10. For clarity and brevity in sections 3.1 to 3.3 only CEF is referenced; 
however both values of CEF and RCR from all simulations carried out have been used 
to adjust the behavior surfaces (section 3.4) (dots plotted on Fig. 14). 
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3.1. Influence of slot length (ls) 
 
The influence of slot length is determined based on stent configurations (Stent 1-xx, 
Table 3) with a constant number of circumferential slots (n=36) and tube thickness (t= 
0.4 mm) with the same shape factor (α˚=24.85˚). Fig. 10 shows an overlay of the CEF 
curves where we can see that is possible calibrate the stent's response maintaining fixed 
the shape factor, varying only the slot length from 8 to 18 mm. If the stent working 
range was defined for an inner diameter variation of duct to be treated between 10 and 
18 mm, it is possible calibrating the nominal force between 10 and 25 N. But, if the 
working range is extended to ducts with diameters larger than 30 mm, the use of slot 
lengths less than 12 mm would be discarded and the maximum nominal force would be 
limited to 16 N.   
 
 
3.2. Influence of the number of circumferential slots (ncs) 
 
The influence of the number of circumferential slots has been based on the simulations 
performed for configurations (Stent 2-xx, Table 3) where slot length and tube thickness 
has been remained constant to 12 mm and 0.4 respectively, and the shape factor close to 
the reference value of 24.85˚ (Table 5). 
   
Fig. 11 shows an overlap of the CEF curves where is possible see that we can calibrate 
the response of the lattice ring maintaining a constant shape factor, and varying only the 
number of circumferential grooves for a given working range. 
 
In the cases shown in Fig. 11, for an operating range from 10 to 18 mm the force 
exerted can be calibrated between 10 and 40 N by varying the number of 
circumferential grooves 24 to 48. But, for ducts with diameters around 25 mm, the 
number of slots must be greater than 32 and the maximum nominal force would be 
limited to 21 N.   
 
 
3.3. Influence of the tube thickness (t) 
 
Keeping constant the number of circumferential grooves to 36 and the slot length to 12 
mm and without changing the shape factor, different wall tube-stent thicknesses were 
tested (Stent 3-xx, Table 3), obtaining the curves for Chronic Radial Expansion Force 
(CEF). By overlapping virtual testing data in the same graph (Fig. 12), it was found that 
the operating range of duct diameter is between 12 and 26 mm and the radial force 
exerted between 6 and 16 N, depending on tube thickness. 
 
 
3.4. Interpolated surfaces for stent behavior 
 
Processing the results of all simulations it is possible to get analytical expressions which 
describe the Chronic Radial Expansion Force (CEF) and the Radial Compression 
Resistance (RCR), respectively, exerted by the stent depending on the considered 
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parameters: slot length (ls), number of circumferential grooves (ncs) and wall tube-stent 
thicknesses (t).  
 
The general equation considered for the behavior surface corresponds to a two variables 
polynomial function of order n=4, as follows, 
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where fi represents expression for CEF obtained adjusting data from release step or RCR 
using data from crimping step, x is the respective design parameter which may be ls, ncs 
or t, and DS the outer stent diameter. The least squares technique was used to calculate 
the polynomial coefficients ( 
Table 6). The fitting accuracy was tested by calculating the Pearson correlation 
coefficient R2. 
 
Table 6  
Coefficients of the behavior fit-function, where ls [mm] is the slot length, ncs the number of 
circumferential slots, t [mm] the tube thickness, CEF the Chronic Radial Expansion Force and RCR the 
Radial Compression Resistance.   
fi (x,DS)                        
CEF     RCR     
Design variable: x=ls x=ncs x=t x=ls x=ncs x=t 
Coefficients [mm]   [mm]   [mm]   [mm] 
C0 330.0000 683.4000 35.6500 100.9000 482.8000 21.7800 
C1 -59.3600 -37.7900 51.7400 -1.5080 -24.6700 32.1800 
C2 -20.5200 -45.9600 -6.4780 -6.5410 -17.5100 -3.4780 
C3 4.5560 0.5460 0.0000 -1.3300 0.3175 0.0000 
C4 2.8570 1.9190 -0.2601 1.6940 1.3100 4.9710 
C5 0.3785 1.3180 0.3840 -0.3001 -0.5182 0.2173 
C6 -0.1209 -0.0772 -- 0.0692 -0.0001 -- 
C7 -0.2808 0.0897 -- -0.0764 -0.0195 -- 
C8 0.0817 -0.0798 -0.0377 0.0165 0.0105 -0.1948 
C9 -0.0304 -0.0134 -0.0070 -- -- -0.0042 
C10 -- 3.8E-05 -- -- -- -- 
C11 0.0100 0.0015 -- -- -- -- 
C12 -0.0056 -0.0020 -- -- -- -- 
C13 0.0017 0.0011 -- -- -- -- 
C14 -9.8E-06 -- -- -- -- -- 
R2   0.9264 0.9283 0.9632   0.9124 0.9239 0.9754 
 
The fitted surfaces are plotted in Fig. 13 and Fig. 14 together with the discrete values obtained 
from parametric FE simulations. 
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3.5. Design of a customized stent 
 
Based on the parametric study data and using the mathematical expressions obtained 
which characterize numerically the influence of each design factor (behavior surfaces), 
we can calibrate stent in an efficient way to the specific requirements. 
 
As an example, a distribution of estimated required net radial forces is presented in Fig. 
15 in three different areas of the same acute stenosis which by surgical prescription are 
considered suitable for restore transit on the section of affected colon. Those values 
might be estimated by balloon catheter via colonoscopy in subacute strictures; 
performing a minimal local stricture dilatation and recording the pressure to inflate the 
balloon, an estimation of radial force need in each area could be obtained. 
 
Among the different possibilities (i.e., single solution doesn’t exist), varying the length 
slots and keeping the rest of the parameters constant (including shape factor), for 
example, the stent configuration can be obtained. The preliminary dimensioning of 
geometry gives rise to a cutting pattern as illustrated in Fig. 16a, with zones 1-3 with 
slot length according the given specifications and a transition zone 4. After forming 
process simulation, the stent configuration shown in Fig. 16b is obtained.  
 
In view of the obtained results, this study provides behavior surfaces expressions that 
make possible to determine the value of the chosen design variables depending of 
diameter and radial force required in each stent zone, so it is possible obtaining a 
customized stent design with different stiffness areas, adapted to the patient specific 
needs. 
 
 
4. Discussion and conclusions 
 
Expandable metallic stents was shown to be a safe, easy, and effective technique as a 
bridge to surgery and palliative treatment of colorectal cancer and associated with an 
acceptable complication rate. The most serious complication is the perforation, to avoid 
it is important to make a correct indication and choice of stent [8]. Other complications 
include stent migration and reobstruction [36-40].  
 
Concerning the risk factors associated with complications, complete colorectal obstruc-
tion and the use of covered stents contribute to the complications [41]. The degree of 
occlusion has been reported to be one of the important risk factors, especially because a 
total obstruction may be associated with friable and damaged tissue [42]. Furthermore 
the length of the obstruction and the presence of distal angulations are poor prognosis 
factors [43]. 
 
To avoid complications is essential to know the pathology of tumor stenosis, this 
includes 3 areas: the most stenotic tumor area where there has been obstruction, tumor 
mass that precedes and follows the proper obstructed area, and part of anterior intestine 
and distal, which usually has a significant edema. It is therefore necessary to adapt the 
design of the stent to the different areas that make up an anatomical area affected by the 
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obstructive tumor, and the peristaltic movement of the intestine that precedes and 
continues to the tumor area, as the technical success of a stent depend directly on 
mechanical behavior, which can be estimated through predictive simulation model by 
FEA [22-26, 44-47] or experimentally like in Isayama et al [20] and Rebelo et al [48] 
for a braiding stent. 
 
While stents work well in the vascular structures, biliary track or ureter, its operation is 
more difficult in the colon, because of the special peristalsis and fecal content 
characteristics, favoring its displacement or obstruction. Severe complications occur in 
up to 10% of patients. These consist of stent migration, perforation, and sepsis. Stent 
migration rates range between 10 and 12%. Migration can happen a few days after stent 
deployment or later in the disease course. These were probably a result of tumor 
shrinkage from adjuvant chemotherapy [40] or to the effect of intestinal peristalsis. A 
complete study about stent migration and colon perforation can be found in [49]. 
 
In the present work, FE analysis has been used to analyze influence of several design 
parameters on global behavior of a given stent geometry. The proposed design allows a 
customized stent manufacture. And make possible the adaptation of endoprosthesis to 
the particularities of each case to be treated.  So we can decrease the contact radial force 
in the healthy parts of the colon while in stenotic zone the radial expansion reaction may 
be higher.  
 
The parametric study of the proposed geometry makes it possible to have a good 
approximation of the mechanical behavior of the stent. The main geometric parameters 
of the stent can be quickly obtained using the analytical expressions according to a 
variable stiffness profile required for each case: The main mechanical characteristics, 
Chronic Radial Expansion Force (CEF) and Radial Compression Resistance (RCR), can 
be also assessed for the diameter range, and they could aid in the calibration of 
customized stent designs. 
 
Of the three parameters used to calibrate the response of the stent, and in view of the 
results obtained, variations in the thickness of the tube in the usual ranges provided by 
manufacturers (400 to 300 μm) produce minimal variations of CEF nominal force (9%); 
for higher variations of CEF much lower thicknesses should be used. On the other hand, 
the manufacturing on demand of tubes with different thickness implies high economic 
and temporal costs. On the contrary, the use of parameters Ls and ncs allows adjusting 
the pattern shape in the own manufacturing site and obtaining a wider set of mechanical 
responses for any working range.  
 
For the number of slots ncs, inside the analyzed range, values below 24 generate very 
coarse lattices that produce problems of high pressures in the tissue and even its 
possible intrusion, and values above 48 lead to too thin struts at stent structure, with 
crushing risk under peristaltic movement pressures. The slot length ls appears as the 
most flexible and effective design parameter. 
 
A wide range of constant recovery force is a key factor achieving stent functionality; the 
customized stents offer the advantages to adjust the recovering force depending on the 
clinical requirements. 
 
14 
 
An essential topic in colorectal stents concerns the strain and stress values reached in 
the stent with the maximum peristaltic compression, capable to cause the stent crushing 
[30]. The superelasticity of NiTi alloys is a good ally to support this kind of loads, 
avoiding the strain values reached the elastic limit, so no yielding occurs. However, it is 
necessary a good dimensional calibration to ensure that the lattice structure develop 
enough radial force to recover the previous stent-duct equilibrium stage guaranteeing a 
proper intestinal transit. So the RCR magnitude is essential in order to prevent the 
collapse of the stent once implanted, when it is subjected to pressures generated by 
peristalsis or any other kind of external compressive load. 
 
Despite the clinical studies concerning application of colonic stents [13-16], no 
comparative studies of colonic stent behavior using FE simulations have been found. 
 
The results of the study show that NiTi self-expanding bell-shaped customized stent 
may be an effective alternative to relieve colonic obstruction, either as a bridge to 
elective single-stage surgery avoiding a stoma, or as a definitive palliative solution in 
patients with irresectable tumor or poor estimated survival. 
 
The use of the behavior surfaces expressions obtained allows determining the value of 
the chosen design variable (usually ls) depending of diameter and radial force required 
in each stent zone, so is possible obtain a customized stent design with different 
stiffness areas in a direct and simple way, without additional simulations. In summary, 
this study provides significant new insights for the customized design of colonic stents, 
giving guidance on design features to optimize the design-manufacture process. 
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Figures: 
 
 
Fig. 1.  Malignant tumors with the highest ratio of incidence and mortality in the world (rate per 100,000 
population).  [1]. 
 
 
  
 
Fig. 2. Stent geometry with adapted profile and variable radial stiffness sections [30] . 
 
 
 
 
 
Fig. 3.  (a) Scheme of perform pattern subjected to circumferential stretching; (b) crimped lattice unit cell 
before expansion process; (c) Diamond shape adopted after circumferential expansion, solid joints acting 
like hinges.  The vertical arrows denote the circumferential expansion forces. The dashed lines in (c) 
denote unexpanded configuration of unit lattice cell to show the shortening produced and define the shape 
factor parameter. 
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Fig. 4. Finite element model of the stent. (a) slotted tube; (b) the tubular surface model the mandrel used 
to get the repose stent configuration after annealing; (c) detail of mesh and elements used. 
 
 
Fig. 5. Strain-stress curves of used Nitinol alloy. Experimental curve obtained from mechanical test at 
22ºC, adjusted curve in Abaqus 6.11 using parameters in Table 4, and extrapolated curve at body 
temperature (37ºC). 
20 
 
 
 
Fig. 6. Obtention of the initial stent geometry by virtual shaping simulation. a) slotted tube geometry. b) 
stent configuration after shaping process. 
 
 
Fig. 7. Boundary conditions. a) representative field of study (test lattice ring cells); b) boundary 
conditions in the cylindrical coordinates system (lattice unit cell). 
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Fig. 8. Test to assess mechanical characteristics: (a) the cylinder of the RF measurement machine, RX 
500, supplied by Machine Solution, Fragstaff, Arizona [20] experimental test; (b) example of 
experimental RF curve recorded against the diameter in expansion and contraction processes with a radial 
force measurement machine for a biliary NiTi stent, adapted from [20];  (c) virtual test FE model; (d) 
chronic radial force (RF) of  the reference configuration stent 1-12 obtained by FE simulation. 
 
  
Fig. 9. Simulation cycle: A - compression until reach the maximum crimping size (18 Fr) to assess the 
Radial Compression Resistance (RCR); B-rigid surface expansion and stent deployment to assess the 
Chronic Radial Expansion Force (CEF).  
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Fig. 10. Chronic Radial Expansion Force (CEF) curve for different slot length. The minimum diameter 
corresponds to the crimping size for a catheter of 18Fr. 
 
Fig. 11. Chronic Radial Expansion Force (CEF) curve for different number of circumferential slots. The 
minimum diameter corresponds to the crimping size for a catheter of 18Fr. 
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Fig. 12. Chronic Radial Expansion Force (CEF) curve for different tube thickness. The minimum 
diameter corresponds to the crimping size for a catheter of 18Fr. 
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Fig. 13. Chronic Radial Expansion Force (CEF) exerted by a ring of lattice cells in function of: (a) slot 
length, ls; (b) number of circumferential slots, ncs and (c) tube thickness, t, for a given outer diameter in 
function of duct to be treated. 
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Fig. 14. Radial Compression Resistance (RCR) exerted by a ring of lattice cells in function of: (a) slot 
length, ls; (b) number of circumferential slots, ncs and (c) tube thickness, t, for a given outer diameter in 
function of duct to be treated. 
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Fig. 15. Scheme of clinical specifications for a specific ill duct. 
 
 
 
 
(a) 
 
(b) 
 
Fig. 16. (a) Scheme of cutting pattern and (b) profile adopted imposing a constant shape factor in every 
lattice-cells ring which constitutes the whole stent. 
